Marine pollution is ubiquitous, and is one of the key factors influencing contemporary marine biodiversity worldwide. To protect marine biodiversity, how do we surveil, document and predict the short-and long-term impacts of pollutants on atrisk species? Modern genomics tools offer high-throughput, information-rich and increasingly cost-effective approaches for characterizing biological responses to environmental stress, and are important tools within an increasing sophisticated kit for surveiling and assessing impacts of pollutants on marine species. Through the lens of recent research in marine killifish, we illustrate how genomics tools may be useful for screening chemicals and pollutants for biological activity and to reveal specific mechanisms of action. The high dimensionality of transcriptomic responses enables their usage as highly specific fingerprints of exposure, and these fingerprints can be used to diagnose environmental problems. We also emphasize that molecular pathways recruited to respond at physiological timescales are the same pathways that may be targets for natural selection during chronic exposure to pollutants. Gene complement and sequence variation in those pathways can be related to variation in sensitivity to environmental pollutants within and among species. Furthermore, allelic variation associated with evolved tolerance in those pathways could be tracked to estimate the pace of environmental health decline and recovery. We finish by integrating these paradigms into a vision of how genomics approaches could anchor a modernized framework for advancing the predictive capacity of environmental and ecotoxicological science.
Introduction
Marine pollution integrates with other ocean stressors, including climate change and intensive harvest, and ranks among the most crucial anthropogenic factors affecting contemporary marine biodiversity [1] . The distribution of pollutants in the marine environment can be global, for example, for chemicals that are persistent and may be transported long distances by ocean circulation (e.g. plastics) or by atmospheric circulation [e.g. mercury or polychlorinated biphenyls (PCBs)]. Alternatively, pollutants that enter the oceans can be concentrated in near-shore coastal areas because human population density is concentrated in coastal regions. How do we track the impacts of pollutants on marine species, how do we understand the individual and population health consequences of pollutant exposures, how do we predict these effects for the many chemicals for which little or no toxicity information is known and how do we predict those risks for the species that contribute to global biodiversity? These are major issues with complex solutions. Modern genomics-based tools offer high-throughput and information-rich methods with which to characterize, estimate and predict pollutant impacts in the short and long term, and can be integrated in creative ways to extend and advance our abilities to protect marine biodiversity.
Genomics tools are deployed to study toxicological phenomena that emerge at both physiological and eco-evolutionary timescales. Functional genomics tools such as transcriptomics and proteomics are often used to probe and discover the molecular mechanisms by which pollutants exert toxic effects. As an extension of this, they can also be used as a multidimensional fingerprint of exposure to environmental pollutants in species of special concern or their surrogates: that is, they can be used as biosensors. Genomics tools are also useful to discover the consequences of exposures to environmental pollution at the population level and for deployment in population-level long-term monitoring. For example, demographic impacts from pollutant exposure could manifest as an erosion of genetic diversity, which can limit the long-term health of populations. Furthermore, toxicants can induce mutations that could accumulate over time in populations and contribute to deleterious genetic load [2] [3] [4] . Populations may also evolve adaptations that rescue them from extinction in environments altered by human activities including pollution, where genomics data can offer insight into the genetic changes that enabled adaptive persistence. This knowledge may be extended to track recovery of environmental health following environmental remediation activities.
In this review, we offer examples from research in killifish of how functional genomics can offer crucial insights into physiological and evolutionary effects of marine pollutants at these two timescales. Importantly, knowledge discovered from genomics studies at physiological timescales can shape hypotheses and facilitate interpretation of toxicological impacts that emerge at evolutionary timescales. We finish by integrating these physiological and evolutionary timescales in articulating a vision of how efforts to develop environmental and ecotoxicology into more predictive sciences could be shaped by strategic inclusion of genomics technologies and genomeenabled discoveries.
Toxicogenomics at physiological timescales
The justification for development of genomics technologies and paradigms for toxicological science starts with the fundamental assumption that 'there are no toxicologically relevant outcomes in vitro or in vivo, with the possible exception of rapid necrosis, that do not require differential gene expression' [5] . That is, because toxicological responses are underpinned by changes in gene expression, we stand much to gain by discovering the nature of these molecular responses, where modern omics technologies offer a vehicle for doing this in a comprehensive and high-throughput way.
Omics technologies are powerful insofar as they are designed to capture the complete molecular profile of a cell's response to perturbation, such that discoveries are possible without depending on a priori hypotheses that may be too narrowly focused. They can capture responses that were not predicted and can thereby accelerate the pace of discovery of chemical effects on biota. For example, transcriptomics studies in fish models revealed that important metabolites of flame retardants that are environmentally ubiquitous exert toxicity through disrupting oxidative phosphorylation [6] , that dithiocarbamate pesticides disrupt vertebrate development through altered expression of key transcription factors [7] and that neuropharmaceuticals encountered in wastewater contamination impact the expression of circadian rhythm genes [8] . Similarly, transcriptomics studies revealed for the first time, a plausible mechanism of hepatotoxicity of mercury [9] , which is a ubiquitous marine pollutant. These represent just a few examples of how application of transcriptomics can reveal mechanisms of action of important aquatic pollutants that were previously unknown and unpredicted. Similarly, transcriptomic profiles following exposure can be used to classify chemicals with similar mechanisms of action. For example, transcriptional responses to a suite of endocrine-disrupting chemicals revealed a molecular response that clearly united the subset of chemicals that were pro-estrogenic [10] . Because studies like this indicate that genome-wide molecular profiles can be used to classify chemicals with common mechanisms of action (e.g. [11] [12] [13] ), therefore functional genomic profiling could be used to predict the biological activity of new or novel chemicals of environmental concern [14] . Indeed, this paradigm is gaining traction in the fields of pharmacology and drug development [15] . Furthermore, because functional genomic profiles can be diagnostic of exposures to specific groups of chemicals, they could be used as biosensors in ecotoxicological assessments or surveillance (e.g. [16] ).
Though transcriptomic profiling, using traditional aquatic toxicology model species such as zebrafish is important for building a deep knowledgebase; other species that are ecologically important, abundant and resident in at-risk ecosystems have much to offer especially as in situ biosensors [17] . Killifish (Fundulus genus) are an established model in ecotoxicology, ecophysiology and evolutionary biology [18] and are the most abundant vertebrate animals in estuarine marshes along the Atlantic and Gulf coasts of North America [19, 20] ; these estuarine and marine habitats can be heavily influenced by human activities, including pollution. Killifish were also among the first non-model genome-enabled fish species [21] , where microarrays, and more recently RNA-seq, have been deployed to study and diagnose the physiological consequences of marine and estuarine pollution. A fully-sequenced genome is now available (www.fundulus.org; [22] ), and advanced genetic manipulation tools have also been successfully applied in killifish [23, 24] , further increasing their value as a new genome-enabled model.
Laboratory-based transcriptomics experiments in killifish have offered insight into the molecular mechanisms underlying exposure to diverse classes of toxicants that are relevant in marine environments. This includes exposure to environmental endocrine disruptors [25, 26] , where estuarine and marine species appear to respond differently than traditional freshwater models, and exposure to arsenic [27] [28] [29] , which is modulated by salinity. By virtue of their near-shore estuarine habitat, killifish are commonly exposed to persistent organic industrial pollutants, including dioxins, PCBs and polycyclic aromatic hydrocarbons (PAHs). Laboratory-based experiments have also revealed the molecular mechanisms associated with exposure to, resilience to and toxicity of these dioxin-like chemicals (DLCs, which include PCBs and PAHs), including how genetic variation within and among populations can influence the molecular response to these chemicals [30] [31] [32] [33] . The primary transcriptional response to DLC exposure in killifish represents activation of the aryl hydrocarbon receptor (AHR) signaling pathway. Activation of this pathway mediates toxicity of these chemicals in vertebrates, including in killifish [24] , and AHR responsiveness to DLCs is conserved across vertebrates [34] . The transcriptional profiles discovered by these laboratory-based experiments proved crucial for interpreting transcriptomic responses to contaminating oil from the Deepwater Horizon (DWH) disaster, and demonstrated the utility of using transcriptomic responses from sentinel species as an in situ biosensor suitable for Killifish are among the most abundant vertebrate animals in the Gulf-exposed marshes that were threatened during the DWH oil spill [19] . Because estuarine killifish are abundant, easy to catch, have small home ranges and are nonmigratory, their health is likely to reflect the quality of their immediate environment. Accordingly, they are particularly suitable as in situ biosensors of environmental quality, and were used as such for experiments designed to detect biological responses to contaminating oil from the DWH spill. Dramatic transcriptomic changes in liver and gill tissues coincided with the timing and location of oil contamination in resident killifish, detected using a before-after control-impact field-sampling design [35] [36] [37] . Importantly, the transcriptomic signature of exposure to DLCs under controlled laboratory conditions [32] was consistent with, and predictive of, the response observed in the field studies that coincided with the timing and location of oiling [35, 36] . Insofar as the biological impacts of the toxic components of oil and other DLCs are known to be mediated through a shared mechanism-the AHR signaling pathway (though AHR-independent mechanisms are also important for oil toxicity [38] )-the laboratory studies confirmed that the divergent transcriptional responses observed in coincidence with oil arrival were 'caused by' exposure to the toxic components of oil. Additional controlled laboratory-based exposures specifically to south Louisiana sweet crude oil resulted in transcriptional profiles that again matched those in the field, further confirming that responses observed in field studies were caused by exposure to oil [39] . These data contributed to building the case supporting physiological impacts of the DWH oil in resident near-shore species, and further discredited objections advanced by BP-paid consultants [40, 41] . These studies demonstrate the power of using transcriptomic fingerprints generated in carefully controlled laboratory studies to interpret divergent transcriptional responses detected in sentinel organisms during field studies, and thereby diagnose environmental problems. Transcriptomic responses to physiological stress as discussed in this section also provided crucial insight into mechanisms contributing to biological change across evolutionary time (see next section).
Toxicogenomics at evolutionary timescales
Pollutants clearly cause biological effects in physiological time, but the consequences of those effects at the population level play out over longer timescales. Alternative long-term responses for species struggling to persist in stressful humanaltered environments include physiological compensation (acclimation), emigration to less stressful environments, population decline leading to local extinction and evolutionary adaptation [42] .
The likelihood of alternative outcomes depends on the nature of individual species (e.g. mobility, inherent physiological flexibility, evolutionary history, population size, generation time) and the nature of particular environmental stressors (e.g. severity, periodicity, persistence and number of coinciding stressors). Dramatic global and regional reductions in biodiversity in the anthropocene clearly indicate that decline and extinction are common responses of wild species to humanaltered environments including pollution. Likelihood of successful acclimation increases in weakly or intermittently disturbed environments, where native defenses of individuals are not yet overwhelmed.
The likelihood of evolutionary adaptation is governed by a number of factors. It is more likely when environmental change is strong and persistent, and for species with short generation times and large effective population sizes such that genetic diversity is high and the genetic consequences of short-term demographic declines are reduced. The likelihood of adaptation decreases with co-occurrence of multiple stressors such that the 'dimensionality' of the necessary adaptive phenotype increases. This is why evolutionary adaptation to poisons that are deliberately designed to inhibit specific molecular targets, and deliberately released in high concentrations, is common in species with large populations sizes and short generation times (e.g. widespread pesticide and antibiotic resistance in insects, weeds and bacteria), but adaptation to complex mixtures of environmental pollutants in wild species appears rare [43, 44] , though it may simply be less studied.
A rich body of evolutionary theory combined with cuttingedge techniques in genomics has enabled development of approaches that can rapidly implicate detailed mechanisms that facilitate evolutionary change. Comparative approaches assay variation in toxic responses across individuals, populations or species. Natural selection leaves distinctive footprints in patterns of genomic variation. With population-level data, the genome can be scanned for these signatures to identify regions of the genome that have recently experienced strong natural selection. Association approaches, such as genome-wide association and quantitative trait locus (QTL) mapping, can be used to map phenotypic variation back to the genome. Some of these techniques have been applied to discover the mechanisms that underpin an unusual history of adaptation to environmental pollution in killifish.
Though most examples of adaptation to environmental chemicals involve scenarios where species are directly targeted for eradication by chemicals designed as poisons, killifish provide an unusual example of evolutionary rescue following incidental pollution [45] . Though killifish are relatively sensitive among fishes to the toxic effects of DLCs, populations of Fundulus heteroclitus that inhabit highly polluted estuaries are more than three orders of magnitude more tolerant to DLCs than other populations [45, 46] . This range of tolerances among F. heteroclitus populations exceeds the tolerance range among all species of fish tested [45] ; tolerance is heritable and has rapidly evolved in multiple populations in multiple polluted estuaries [47] , and has also evolved in other Fundulus species [48] . What are the mechanisms through which populations have evolved tolerance?
Comparative functional genomics experiments have built on pre-genomics studies to reveal the mechanisms that enabled evolutionary rescue of F. heteroclitus in highly polluted sites. Comparative transcriptomics studies have shown that DLC resistance in multiple killifish populations converges on a common physiological mechanism, and these evolved differences were revealed by exposing multiple populations to both benign and polluted conditions in a common rearing environment. In benign environmental conditions, few differences in gene expression were apparent between tolerant and sensitive fish [49] , and few differences between pairs of tolerant and sensitive populations were shared among the tolerant populations [50, 51] . However, many differences in gene expression only appeared between populations when exposed to pollutants [31, 33] , and these environmentally induced differences are shared among tolerant populations [32] . The pollutant-induced response shared by tolerant populations primarily includes a profoundly desensitized AHR signaling pathway. Note that activation of the AHR signaling pathway was the signature response to DLC exposures in physiological challenge experiments, and in field exposures to contaminating oil, discussed previously. Therefore, functional genomic responses at physiological timescales can offer insights into mechanisms that are recruited to enable adaptive persistence over evolutionary timescales.
Although comparative transcriptomics studies have enabled much progress toward revealing the mechanisms that confer adaptive tolerance to environmental pollution in killifish, what remains unknown are the changes at the genome sequence level that enabled evolutionary rescue. Multiple genomics-based approaches may be exploited to discover the genetic basis of adaptive phenotypes, including QTL mapping, admixture mapping and population genomics scans. Ongoing studies in killifish are using QTL mapping and population genomics surveys to discover the genomic targets of natural selection in pollution-tolerant populations. A key challenge of current approaches is that they tend to implicate large blocks of the genome associated with phenotype or under-selection. These blocks are often large enough to contain many genes, where only one or a few of those may be the actual target of selection, such that the key genes must be further deduced using additional knowledge. We anticipate that knowledge gained about population differences in functional genomic responses to pollution will be crucial for interpreting population genomics data. Because gene expression is the first phenotype to be expressed along the path from genotype to higher-order phenotypes, gene expression can reveal genes likely to be involved in mechanisms underlying evolved adaptive changes in populations. In killifish, we know the adaptive phenotype is associated with global desensitization of the AHR signaling pathway, and the key regulators of that pathway are well known; this knowledge will rapidly advance our screening of candidates in QTL regions or population genomic outlier regions.
Understanding the genomic basis of adaptive phenotypic variation is a long-standing ambition in basic science research, but this knowledge also has practical applications. If a pathway has been identified as critical for mediating toxicity for some pollutant in one species, strong conservation (or convergence) of that pathway in a second species might predict a similar toxicity response. For example, if AHR signaling is important for mediating the toxicity of DLCs, and it is discovered that some species has a radically different genomic complement of AHR signaling elements or the sequence of those elements is different from other species, then one might predict that species may respond in unexpected ways to those contaminants. Indeed, variation in metallothionein gene copy number is associated with heavy metals tolerance in some flies [52] and plants [53] , and expansion of a cytochrome P450 subfamily is associated with furanocoumarin tolerance in some butterflies [54] . As we learn more about the genomic elements that are associated with variable tolerance among species, and as genomes are sequenced for more species, we may start to predict variable species sensitivity to different classes of stressors based on their gene complement. Below the species level, allele frequency variation within populations that are recently adapted to polluted sites may be used to track the recovery of ecological health in those sites following remediation efforts. For example, as remediation progresses, and the strength of toxicant-induced natural selection declines, then spatial segregation of sensitive and tolerant genotypes should break down in a predictable way. As the costs of sequencing continue to rapidly decrease in parallel with rapid increase in throughput, genetic markers should become important components of environmental monitoring toolkits.
We have emphasized that transcriptomics tools may be useful for screening chemicals and pollutants for biological activity and to reveal specific mechanisms of action. The high dimensionality of transcriptomic responses enables their usage as highly specific fingerprints of exposure, and these fingerprints can be used to diagnose environmental problems. We have also emphasized that molecular pathways recruited to respond at physiological timescales are same pathways that may be targets for natural selection during chronic exposure to pollutants. Gene complement and sequence variation in those pathways can be related to variation in sensitivity of environmental pollutants within and among species. We seek to integrate this understanding into a vision of how genomics approaches could anchor a framework for advancing the predictive capacity of environmental and ecotoxicological science.
Physiological and evolutionary genomics to help shape a framework for predictive environmental and ecotoxicology For environmental toxicology, and ecotoxicology in particular, the key challenges that limit the predictive power of their research programs is that there are 'too many chemicals' for which to characterize their biological effects and 'too many species' for which to characterize their health risk. The 'too many chemicals' problem is one of predicting physiological effects for the tens of thousands of chemicals that are produced worldwide and for which little or no toxicity data have been registered. High-throughput and information-rich methods are required to screen large numbers of current and potential drugs and pollutants, and recognition of this need has been gaining traction in the past decade, for example, as evidenced by visions put forth by the National Academy of Sciences [55] , and development of large centralized databases for computational toxicology, including the US environmental protection agency's (EPA) CompTox program (http://www.epa.gov/comp tox/). High-throughput biological assays are important for detecting toxicity phenotypes and syndromes, where in vitro approaches maximize throughput, though in vivo approaches still provide crucial information that supports their continued relevance [56] . Functional genomic screening anchored to adverse organismal outcomes offers promise for advancing highthroughput methods that could predict the toxicity of chemicals for which limited or no data exist [56, 57] . As these linkages between molecular profiles and adverse outcomes accumulate, biological activity of chemicals and associated adverse outcomes could be predicted based on molecular fingerprints alone as a first-pass screen.
The 'too many species' problem is one of observing effects in one test species and predicting effects on other species: wild species, endangered species or other species at particular risk, all of which will have evolved differences in physiology, morphology and behavior relative to the test species. The challenge of extrapolating effects across species has been one of long-standing in environmental toxicology [58] . The comparative method in evolutionary biology is based on the premise that closely related species, because of their recency of shared ancestry, are more likely to share traits than more distantly related species [59] . Considered within the context of ecotoxicology, one might http://bfg.oxfordjournals.org/ predict that species closely related to a test organism are more likely to share similar responses to a tested chemical than more distantly related species. Accordingly, for species that are sufficiently closely related, information from one may be extrapolated to others [60] [61] [62] [63] [64] [65] . But, a key question is 'at what phylogenetic distance does this predictive power start to deteriorate?' This is likely to vary for different classes of chemicals, and this is likely to covary with the degree of conservation of relevant molecular targets of toxicity, toxicity response signaling pathway genes, chemical metabolism genes and other chemical 'defensome' genes [66] .
As more genomes are sequenced, we envision evolutionary relationships to connect species, and orthology as a thread to connect genes across all these species, as the backbone of a large database. For each phylogenetic branch that connects species and groups of species, evolutionary analyses (protein sequence evolution, gene family expansion/contraction) will highlight genes or gene families that show unusual patterns of evolutionary divergence. Few branch tips in this genomeenabled tree of life will represent species that are commonly used test organisms, and to those species will be assigned functional genomic profiles (and associated adverse outcomes) in response to exposure to chemicals prioritized for toxicity screening. This will identify 'defensome' networks of genes relevant for response to chemicals, and similarity in molecular response profiles (transcriptional fingerprints) can be used to classify chemicals (e.g. 'endocrine disruptor', 'prooxidant', 'neurotoxicant', 'genotoxicant'). When genes or gene families that show unusual patterns of evolution within the phylogenetic backbone are components of a particular chemical's defensome, which could flag the associated group of species as a clade for which predictive abilities could be compromised, thereby prompting focused studies evaluating their specific health risk for that chemical. Some traits of species relevant to their ecotoxicological risk may be easily liked to their genome sequence, such as relative physiological sensitivity to the toxic effects of chemicals (e.g. mediated by defensome genes). However, other traits are less likely to be easily inferred from genome sequences, such as occupied niche (e.g. benthic/pelagic, herbivore/omnivore/carnivore) or lifespan, which could influence risk of exposure to some types of chemicals. However these other traits could be added as risk variables to the phylogenetic framework, and thereby be included in models of relative risk estimation, and be included in estimates of confidence of species-to-species extrapolation of risk.
Because our understanding of the relationship between the structure of genomes and their function is still incomplete, the usefulness of this framework will improve in parallel with advances in genome and related sciences, and indeed will inform those sciences. The power of this framework and associated knowledgebase will keep improving with two things that are certain to happen in the future-more genomes will be sequenced from more species, and knowledge of gene and gene family function will improve. This framework and the information-rich multidimensional databases that emerge could help transform environmental and ecotoxicology into more predictive sciences. In so doing, discoveries will feed back to address key research questions at the vanguard of diverse related fields, including questions about the relationship between genome structure and function, further defining the genotype-phenotype map, discerning the impact of DNA sequence variation on protein function, and defining the function of many genes.
Key Points
• Transcriptomic profiles in response to chemical exposure can be diagnostic for classes of chemicals enabling deployment as a high-throughput screening tool and as a tool for diagnosis of marine environmental quality.
• Transcriptomic responses to physiological stress provide crucial insight into the mechanisms contributing to biological change across evolutionary time.
• Species vary in their sensitivity to toxicants, but this variance is scaled by evolutionary history, and is likely correlated with sequence divergence of genes involved in organismal defense.
• Integration of transcriptomic profiling of biological responses to environmental chemicals with comparative genomics and high-throughput phenotyping within a phylogenetic context will help advance the predictive abilities of environmental and ecotoxicological sciences for protecting marine environmental health.
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